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In horticulture, there are several procedures that require the exposure of shoot apical meristems (SAMs) by removing all leaf primordia such as for induction of polyploidy by colchicine treatment (Oiyama and Okudai, 1986) , for production of transgenic plants by several methods (Dutt et al., 2007; Sato et al., 1993; Tadasse et al., 2003) , and so on. In particular, shoot tip culture is a widely used method enabling the production of pathogen-free plants because few pathogens infect SAM tissue (Laimer, 2003) . Several pathogens such as viruses and viroids can exist in the youngest leaf primordium (Knapp et al., 1995; Rodio et al., 2007) , making regeneration from very small pieces of tissue containing SAM very important for production of pathogen-free plants. Following this concept, we succeeded in obtaining pathogen-free plants, which are difficult to obtain by ordinary shoot tip culture, by culturing leaf primordia-free SAM (LP-free SAM) (Hosokawa et al., 2004b (Hosokawa et al., , 2005 . The SAM is also a preferred organ for gene transfer by particle bombardment, because transgenic plants can be obtained without adventitious shoot regeneration (Sato et al., 1993; Tadasse et al., 2003) . In this procedure, it is necessary to remove all leaf primordia to get the microparticles with foreign genes into SAMs.
When removing almost all leaf primordia to expose SAMs, it is usual to operate under a stereomicroscope using fine needles or knives. However, operating under a stereomicroscope is laborious and needs extensive training. Moreover, for some plant species such as in Lilium spp. with SAMs covered by many sticky leaf primordia, this operation is complicated, and obtaining a large number of samples is burdensome.
For these reasons, we built equipment to enable the removal of leaf primordia by blowing sterile compressed air and report on the use of this equipment in this study.
Materials and Methods
Plant materials. Chrysanthemum (Chrysanthemum morifolium) 'Jinba', 'Seiko-nomakoto', and dahlia (Dahlia spp.) 'Matsuribayashi' plants were grown at the experimental farm of Kyoto University. After pinching the main stem, elongated vegetative lateral shoots were hand-picked for use in the experiments. Bulbs of Lilium leichtlinii from a commercial market were also used for the experiments. Although production of pathogen-free plants is often necessary for chrysanthemum, dahlia, and Lilium, trichomes on leaf primordia in chrysanthemum, wet leaf primordia in dahlia, and a large number of sticky leaf primordia in Lilium make it laborious. For rough preparation of shoots before exposing the SAMs, all expanded leaves of the chrysanthemum and dahlia shoots were removed by hand. All scale leaves in Lilium were also removed by hand.
Methods of exposing shoot apical meristems. The equipment we developed consists of an air compressor with a main tank (10 L), spare air tank (10 L), prefilter (filters out 5 mm and larger objects), hollow fiber membrane filter (removes objects down to 0.01 mm), electric air dryer, and air gun (muzzle diameter = 1.0 mm) (Fig. 1) . The spare tank stabilizes air pressure at a constant level throughout each treatment, and the electric air dryer and several filters sterilize the compressed air. Using three filters makes it possible to sterilize compressed air almost completely. The most appropriate diameter of the air gun muzzle was determined by preliminary experiments. Using this equipment, leaf primordia covering SAMs were removed by blowing compressed air (0.6 to 0.7 MPa) onto the top of shoots from a distance of 1 cm. This procedure is called the ''compressed air method'' in this study. As a control treatment, leaf primordia were removed by fine needles, the ''ordinary method'' in this study. All experiments were conducted by a well-trained person using a stereomicroscope.
Comparison of time to expose shoot apical meristems. For the comparison of the time required to remove leaf primordia and expose SAMs, rough prepared shoots of chrysanthemum 'Jinba', 'Seiko-no-makoto', dahlia 'Matsuribayashi', and Lilium were subjected to the compressed air method and the ordinary method. The time taken to remove all leaf primordia covering SAMs was measured as ''exposure time.'' Data were analyzed by Excel 2000 (Microsoft Corporation, Redmond, WA). Probability of a significant difference (P # 0.01) between treatments was determined with a t test.
Research on injury of shoot apical meristems. Shoots of chrysanthemum 'Jinba', in which SAMs were already exposed by the compressed air method, were subjected to additional compressed air treatment for variable times (0, 3, 6, and 9 s) and analyzed for injury from the compressed air by the resin section procedure. The control shoot tips with the SAMs exposed by the ordinary method were also analyzed using the same procedure. Shoot tips with exposed SAMs were fixed in FAA solution (ethanol:water:formaldehyde: acetic acid; 12:6:1:1 v/v) and evacuated by a vacuum pump. Fixed samples were washed for 24 h and dehydrated through the following series of ethanol concentrations: 30%, 50%, 60%, 70%, 80%, and 90%, each for 1 h, and then 100% for 3 h. Ethanol in dehydrated samples was exchanged for Technovit 7100 resin (Heraeus Kulzer, Wehrheim, Germany) by immersing the samples in liquid resin for 15 h. Samples were then solidified in Technovit 7100 resin following the manufacturer's protocol. Embedded samples were cut into 5-mm sections using a microtome with a tungsten knife. The sections were stained with 0.05% toluidine blue solution for 10 min, washed with water, and then observed under a microscope (·100). Random samples of 14 to 20 sections from two to three shoot tips of each treatment were observed under a microscope, and the number of broken cells observed with nucleus breakdown, dehydration of the cytosol, or cell wall breakdown in Layer 1 (L1) of the SAM was counted.
Exposing shoot apical meristems without a stereomicroscope. Roughly prepared shoots of chrysanthemum 'Jinba' were treated with compressed air for several seconds (7, 10, and 13 s) from 1-cm distance from the top of shoots without a stereomicroscope. The blowing time was determined from the results of ''exposure time'' as described previously. After this treatment, the different levels of exposure, that is, ''completely exposed,'' ''partly exposed,'' ''completely covered by leaf primordia,'' and ''SAMs lost in exposing procedure,'' were observed under a stereomicroscope, and injuries of L1 cells of the SAM were observed by the method described previously.
Shoot tip culture and leaf primordia-free shoot apical meristem culture. To test the effect of the compressed air on shoot tip culture or LP-free SAM culture, SAMs of chrysanthemum 'Jinba' and 'Seiko-nomakoto' were exposed using the compressed air method and the ordinary method. All the harvested shoots used for this experiment were sterilized with 0.5% available chlorine solutions for 10 min and washed in sterile water three times before exposure. Shoot tips with exposed SAMs of 'Seiko-no-makoto' were excised with a sterile razor blade and put onto modified Knop medium containing Knop's macroelements (Knop, 1865) and Murashige and Skoog micronutrients (Murashige and Skoog, 1962) plus Ringe and Nitsch's organic constituents (Ringe and Nitsch, 1968) . The modified Knop medium contained 20 gÁL -1 sucrose and was solidified with 3 gÁL -1 gellan gum. The pH was adjusted to 5.8 before autoclaving at 121°C for 15 min. Exposed SAMs of 'Jinba' were used for the LP-free SAM culture following the procedure of Hosokawa et al. (2004a) . LP-free SAMs were excised using sterile razor blades and transferred to cut surfaces of root tips of cabbage (Brassica oleracea) 'Harunami' seedlings. The 'Harunami' seedlings were germinated on the modified Knop medium. All procedures were performed on a clean bench. All explants were cultured at 25°C under cool-white fluorescent lights (80 mmolÁm
) with a 24-h photoperiod.
Results and Discussion
Comparison of time to expose shoot apical meristems and research on injury of shoot apical meristems. In all plant species, the compressed air method took less time than the ordinary method (Table 1) . It was observed in chrysanthemum and dahlia that a few failures were caused by the stem snapping; however, this might not be a serious problem. In chrysanthemum, ''exposure time'' for the ordinary method was almost the same between 'Jinba' and 'Seiko-nomakoto'; however, that for compressed air for 'Jinba' is shorter than 'Seiko-no-makoto'. The reason for the difference between the two cultivars might be the result of the difficulty in removing the smallest leaf primordium between these two cultivars. In Lilium, ''exposure time'' using the ordinary method took a long time, 59.7 s, which was the result of the many sticky leaf primordia covering the SAMs. The compressed air method took one-eighth of this time (Table 1) .
The results of the histological analysis showed no injured cells in the L1 of the SAMs for all treatments (Table 2; Fig. 2 ), suggesting that even with an additional 9-s blowing time, the treatment is effective for exposing the SAMs. Keeping the SAM layer intact is important for preserving the periclinal chimera structure, because it is reported that damage to the SAM results in the breakdown of chimeral structure (Fukai et al., 1994) .
Exposing shoot apical meristems without a stereomicroscope. In all treatments, over 70% of the SAMs of chrysanthemum 'Jinba' were successfully exposed (Table 3) . In this procedure, the success rate of ''completely exposed'' SAMs was higher with increased blowing time (Table 3 ). Up to 13 s, there was no increase in ''SAMs lost in exposing procedure'' (Table 3) . Histological analysis showed no injury to the L1 cells of SAMs in any treatment (Table 3) . Because 14% to 23% of SAMs will be lost by blowing too close, it is important to keep the muzzle 1 cm away from the tip of the shoots. Thus, the use of compressed air enables exposure of intact SAMs without a stereomicroscope. In addition, this method enables exposure of SAMs when we cannot use a stereomicroscope such as on a farm. Shoot tip culture and leaf primordia-free shoot apical meristem culture. In the shoot tip culture of 'Seiko-no-makoto', there were no contaminated explants from the compressed air method (Table 4 ). There was no significant difference in ''number of viable explants'' of 'Seiko-no-makoto' between the compressed air method and the ordinary method (Table 4 ). These data show that the compressed air method does not decrease the ''number of viable explants'' in shoot tip culture. The LP-free SAM culture of 'Jinba' showed a high rate of ''number of viable explants'' for both treatments (Table 4) and almost the same number of leaf primordia differentiated in both treatments (Table 4 ).
In plant production by shoot tip culture, it is necessary to select pathogen-free plants from a large number of regenerants (Hosokawa et al., 2005) . The compressed air method is an efficient way to expose a large number of SAMs. 2) 0/20 z SAMs are covered by a leaf primordium only one-third of the whole SAM. Fig. 2 . Histological photographs of shoot apical meristems exposed using (A) ordinary method and (B) compressed air method with additional 9-s blowing time treatment. Bars = 100 mm.
